High-angles-of-attack dynamics of aircraft are complicated with dangerous phenomena such as wing rock, stall, and spin. Autonomous dynamically scaled aircraft model mounted in three-degree-of-freedom (3DoF) dynamic rig is proposed for studying aircraft dynamics and prototyping of control laws in wind tunnel. Dynamics of the scaled aircraft model in 3DoF manoeuvre rig in wind tunnel is considered. The model limitcycle oscillations are obtained at high angles of attack. A neural network (NN) adaptive control suppressing wing rock motion is designed. The wing rock suppression with the proposed control law is validated using nonlinear time-domain simulations.
INTRODUCTION
A dynamics of modern aircraft at high-angles-of-attack departure is complicated with a set of dangerous phenomena due to development of the high-amplitude self-induced oscillations or spin. Rollyaw oscillations of low frequency and large amplitude arising at angles of attack in the vicinity of 30
• (wing-rock motion) do not only limit maneuverable performance of the aircraft but also can lead to its crash. The great emphasis has been placed on this problem for many years. Numerous studies aimed to understand the mechanism of appearance of these self-induced oscillations and to develop an adequate nonlinear aircraft aerodynamic model have been conducted. The wing-rock dynamics has been investigated both numerically and analytically [18] . The asymptotical techniques have been applied in [4, 7] . A set of methods for wing-rock control have been proposed, namely, direct adaptive control [5] , nonlinear H ∞ -method [6] , NN adaptive control [5, 8] , and others. In [5, 8] , the wing-rock motion has been considered as a one-dimensional problem, namely, self-induced roll oscillations of the slender delta wing. In the practical application for modern aircraft, self-induced oscillations at high angles of attack are much more complicated.
A technique for experimental investigation and control of critical §ight regimes using dynamically scaled wind tunnel models equipped with onboard microcontroller and inertial measurement unit mounted in a 3DoF manoeuvre rig is developed at TsAGI. The technique is designed for identi¦cation of unsteady aerodynamic characteristics, for investigation of aircraft dynamics at high angles of attack, and for clearance of control laws at the motions that are close to the controllable motions of the aircraft in the §ight conditions. As it was shown in the recent studies [9] , the phenomena of nonlinear dynamics of aircraft at high angles of attack such as lateral self-induced large-amplitude oscillations can be modeled in the wind tunnel using the dynamically scaled aircraft model. These results give the possibility to investigate complex nonlinear phenomena of §ight dynamics and control techniques using the dynamically scaled model in wind tunnel.
A control of the lateral self-oscillations of aircraft model in 3DoF gimbals in wind tunnel designed using LPV (Linear Parameter Varying) synthesis was proposed in [10] . At the same time, the control design for high angles of attack is complicated with the fact that it is di©cult to obtain a correct mathematical model of aerodynamic characteristics of aircraft. Neural networks have been recently shown to be an e¨ective tool to catch the complex behavior of aerodynamics at high angles of attack [11, 12] and to control the aircraft at presence of large uncertainties [5, 8] . Such an active introduction of NNs is mainly connected with their universal approximation properties [13] , which enable the neural networks to be used for an arbitrary aircraft without signi¦cant simplifying assumptions. The aim of this study is to design a control law using radial basis function (RBF) NN that stabilize the wind tunnel aircraft model in the 3DoF manoeuvre rig.
The paper is organized in the following way. After the introduction, a brief description of the dynamic rig is given in section 2. In the same section the examples of aircraft dynamics at moderate and high angles of attack are presented. In section 3, the design of the NN adaptive control is introduced. In section 4, the simulation of the aircraft model behavior with adaptive control is given. Concluding remarks are given in section 5. The wing span of the dynamically scaled model is about 1 m and the mass is about 4.5 kg. It has a conventional set of control surfaces driven by servos: di¨erential stabilator, ailerons, and a rudder. Position of the aircraft model in the 3DoF gimbals is de¦ned by three rotational angles: ψ, θ, and φ (see Fig. 1 ). The dorsal holder allows free rotation in yaw ψ, pitch angle θ can be varied inside the interval [20
• ], and roll angle φ lies in the range [−40
• ]. The dynamics of the aircraft model in 3DoF gimbals is described with the following system of di¨erential equations [9] :
Here, ω = (p, q, r) T is the vector of angular velocity in the body reference system X, Y, Z given in Fig. 1 ; u = (δ e , δ -e , δ a , δ r )
T is the vector of control de §ections, namely, δ e = (δ er + δ e l )/2 is the mean de §ection of two horizontal stabilators (elevator) and δ -e = (δ er − δ e l )/2 is the di¨erential de §ection of two horizontal stabilators, δ a is the de §ection of ailerons, and δ r is the de §ection of rudders; J is the model inertia tensor; and M is the vector of the aerodynamic moments (the tan α = tan θ cos φ ; sin β = sin θ sin φ .
The comparative simulation of wing rock motion of the same dynamically scaled model in the 3DoF gimbals in the wind tunnel and in the free §ight [9] Figure 3 Dynamic of the open-loop system for δe = −23
• shows that amplitudes of the self-induced oscillations for the angle-of-attack and the sideslip angles are quite similar. The quantitative di¨erence between the roll oscillation amplitudes is due to a di¨erence in dynamic equations.
An aerodynamic model of the maneuverable aircraft [14] was used to study the aircraft model dynamics on the 3DoF gimbals.
Simulations of the open-loop dynamics on the 3DoF gimbals are demonstrated in Fig. 2 with the dashed lines for the elevator de §ection δ e = −14
• . One can see that this elevator de §ection corresponds to moderate angle of attack (α ≈ 17
• ) where the model is stable in roll and pitch but it has small yaw rate leading to rotation of the model. The yaw instability can be explained with the presence of small aerodynamic asymmetry term in the mathematical model of the aircraft. The closed loop behavior (¤NN control¥) is represented on the same ¦gure by the solid line for comparison purposes. The design of the NN control law guaranteeing stability of the system will be discussed below.
Additionally, there is a region of angles of attack 33
• (angles of elevator de §ection −23
• ≤ δ e ≤ −27
• ) where the model becomes unstable in pitch and roll and the self-induced oscillations of large amplitude are observed (Fig. 3) . In this region, a recon¦guration of the §ow over the upper surfaces of the aircraft with separations and vortex breakdowns is observed. One can see that the elevator de §ection δ e = −23
• leads to nose-up motion and high-angleof-attack departure. At this elevator de §ection, the motion which is similar to oscillatory spin is observed. Namely, there is the model stalling with further rotational motion with respect to the supporting sting accompanied with the oscillations in pitch and roll.
ADAPTIVE CONTROL
In this section, the control law stabilizing the model in the entire range of the elevator de §ection will be discussed. The standard Model Reference Adaptive Control (MRAC) [5, 8, 15] is used.
The dynamics of the aircraft model on the 3DoF gimbals is nonlinear and governed by Eqs. (1) and (2) . A reference model for the desired response is given by the linear time invariant di¨erential equation:
where x m (t) ∈ R n is the reference state vector, while x(t) ∈ R n is the state vector, and A m ∈ R n×m is Hurwitz. The error is the following:
The error dynamics in the system can be considered as
where -(x) is an unknown dynamics of the system and B is the known matrix of control e¨ectiveness. The problem is to derive the adaptive control law u ad matching the uncertainty -(x).
The adaptive control law is speci¦ed by the following equation:
where ψ : R n → R s is the vector of basis functions
∈ R s and " W ∈ R s×m is the matrix of NN weights. In the present study, two forms of the weight update laws are considered for comparison [16, 17] :
where • > 0 is the adaptation gain and P ∈ R n×n is the positive-de¦ne solution of the Lyapunov equation [18] :
The nonlinear parameterizations of the adaptive control law via introducing the modi¦cation terms σ " W(t) or σ�e� " W(t), where σ > 0, are used to improve the stability [16, 17] . The proof of Figure 4 The RBF NN stability using the Lyapunov function can be found in [5] .
The control law (3) can be represented as the RBF NN, which con¦g-uration is shown in Fig. 4 . The NN can be considered as a directed graph with neurons placed in it nodes. Neuron is an elementary calculating unit. The state vector x 1 , . . . , x n is the input to the NN; ψ 1 , . . . , ψ n are the activation functions of the neurons; w ij , i = 1, . . . , s, j = 1, . . . , m, are the NN weights; › 1 , . . . , › m are the output neurons; and u 1 , . . . , u n are the NN output signals.
The main advantage of the RBF NNs is that they have the linear-in-theparameter form, as opposed to multilayer perceptron NN [19] . This enables quite simple NN training rules to be applied. Radial basis functions ψ i (x) are selected as the activation functions of the neurons. The RBF are the Gaussian functions:
where � · � denotes the Euclidean norm; and c i and µ i > 0 are the center and the width of the ith kernel unit, respectively.
SIMULATION RESULTS
The considered system is composed of equations of motion on 3DoF gimbals (1) and (2), control law (3), and adaptation laws (4) or (5).
In the present study, the NN control is used both for the longitudinal and the lateral-directional control, namely, the state vector is x = (θ, ψ, φ, q, r, p)
T . A reference model for the desired response is speci¦ed by the following matrix:
A control signal is updated discretely with time step dt = 0.02 s that corresponds to the real time of the wind tunnel model. Servo dynamics and position and rate limits are included in the model.
It is assumed that the servos have their own dynamics, namely, their transfer function is the following function of the ¦rst order T = 1/(0.011s + 1). An additional transportation lag (0.02 s) is introduced. The resulting transfer function has the following form:
The rates are limited to 250 deg/s. The following limits are included in the model, namely, −23
• < δ e < 10 • , −45
• , −20
• < δ a < 20
• , and −25
• < δ r < 25
• . One-dimensional basis functions are used ψ ki = exp(−(x k − c ki ) 2 /µ 2 k ) where each set ψ ki , i = 1, . . . , n, of the functions corresponds to each state vector component x k . The RBF centers µ ki are spaced at constant interval between x kmax and x kmin . For each component, the number of centers is n = 21 and the number of RBF is n × 6 = 126, correspondingly.
To achieve an appropriate overlap between neighboring kernels, their widths are adjusted according to the following rule [8] :
where x kmax and x kmin are the maximum and the minimum of input domain; and s is the number of hidden layer neurons. The matrix from Eq. (6) is Q = I. The same parameters of the laws (4) and (5) 
The dynamics of the system with the adaptive control law (4) for δ e = −14
• is compared with the open-loop dynamics in Fig. 2 . In contrast to the open-loop system, the RBF NN based control ensures yaw-stability of the model.
Simulations of the closed-loop system for δ e = −23
• that corresponds to the loss of stability with di¨erent initial conditions demonstrate that the proposed control law (4) suppresses self-induced oscillations and prevent stall (Figs. 5 and 6). Shown in Fig. 5 are the response of the system on di¨erent initial values of ψ = 5
• and 10
• . The simulations for initial values of φ = 5
• are shown in Fig. 6 . It is seen that the controller stabilizes the wind tunnel model in both cases. In the initial period, during ¦rst 4 s, NN is learning unknown dynamics, and after it stabilizes the system.
A comparison of the adaptation laws (4) and (5) has been carried out (Fig. 7) . One can see that ¢σ-modi¦cation£ (4) stabilizes the system; otherwise, the ¢e-modi¦cation£ (5) stabilizes the system in 7 s, but then, due to the weights grow, the system becomes unstable.
Another type of experiment has been simulated, namely, a step-wise de §ec-tion of the stabilizer from δ e = −21
• up to −31
• . The system response is shown in Fig. 8 .
Such stepwise de §ection of elevator leads to variation of the angle-of-attack that covers the regions before stall (δ e > −21
• ), developing stall (−23
• ), and the developed stall (δ e < −27 • ). • , di¨erent initial conditions: 1 ¡ ψ = 10
• ; and 2 ¡ ψ = 5
• After each stepwise de §ection of the elevator, one can see the decaying oscillations connected with the NN training. But the control ensures the stability of the system within the whole domain of the angles of attack.
As a result, the same RBF NN con¦guration with the same coe©cients catches the system dynamics in the wide range of angles of attack.
• , di¨erent initial conditions: 1 ¡ φ = 10
• ; and 2 ¡ φ = 5
•
CONCLUDING REMARKS
A dynamics of the wind tunnel aircraft model in the 3DoF gimbals is examined. In the simulation, the mathematical model of the maneuverable aircraft aerodynamics is considered. The elevator, di¨erential stabilator, ailerons, and the rudders are included in the model. The analysis is carried out both for the moderate Figure 7 Comparison of nonlinear parameterization techniques, δe = −23
• : 1 ¡ e-modi¦cation; and 2 ¡ σ-modi¦cation and high angles of attack. At the moderate angles of attack, the model is stable in roll and pitch but has small instability in yaw. At the high angles of attack, the model exhibits unstable dynamics with tendency to stall, spin, and wing rock.
The NN adaptive control based on the MRAC technique is proposed for stabilization of the wind tunnel aircraft model in the 3DoF manoeuvre rig. For the present control design, it is considered that the pilot or other autopilot signals do
• . . . − 31
• not interact with the NN control while transient period in which the NN learning the unknown dynamics. Two techniques of the nonlinear parameterization of the control law, namely, ¢σ-modi¦cation£ and ¢e-modi¦cation,£ are studied and the performance of the ¢σ-modi¦cation£ is shown to be superior. For the control law with ¢σ-modi¦cation,£ di¨erent initial conditions are tested. It is shown that the considered control law ensures stability of the system from moderate up to high angles of attack, preventing wing rock, stall, and spin.
